The pathogenesis-related gene PR-7Oa (formerly STH-2) is induced in various organs of potato after wounding, elicitor treatment, or infection by Phytophthora infestam. Deletion analysis of the promoter of the PR-lOa gene enabled us to identify a 50-bp region, located between positions -155 and -105, necessary for the elicitor responsiveness of the P-glucuronidase reporter gene in transgenic potato plants. Within this region, a 30-bp sequence, located between positions -135 and -105, was necessary for the activation of the promoter by the elicitor. However, strong promoter activity after elicitor treatment required the presence of a 20-bp sequence located between positions -155 and -135. The region between -135 and -105 was specifically recognized by two nuclear factors, PBF-1 (PR-lOa Binding Eactor 1) and PEF-2, and binding of PBF-1 ,was coordinated with the accumulation of the PR-lOa mRNA. Gel shift assays using nuclear extracts pretreated with sodium deoxycholate or alkaline phosphatase suggested that P B M is a multimeric factor in which at least one of the constituent proteins can be phosphorylated. Treatment with alkaline phosphatase also indicated that binding of PBF-1 is positively regulated by phosphorylation and that it is phosphorylated only in tissues in which PR-7Oa is expressed. The use of protein phosphatase and kinase inhibitors in vivo provided additional evidence that wounding and elicitor treatment induce the phosphorylation of PBF-1 and that this phosphorylation is associated with gene activation.
INTRODUCTION
Wounding and pathogen infection are two important stresses encountered by plants, and they induce numerous defense responses. Among them are the synthesis of phytoalexins, the reinforcement of cell walls, and the accumulation of severa1 proteins, such as lytic enzymes, proteinase inhibitors, and pathogenesis-related (PR) proteins, whose functions are unknown (Lamb et al., 1989) . In potato, the PR genes are exemplified by the PR-70 gene family, which is composed of at least three members. One member, PR-7Oa (formerly STH-P), was shown to be rapidly induced in tubers, stem, petioles, and leaf tissue after wounding and during the hypersensitive response, which can be induced by treatment with elicitors or funga1 spores (Marineau et al., 1987; Matton and Brisson, 1989; Constabel and Brisson, 1992) . Challenge with a low-spore concentration from an avirulent lace of Phyrophfhora infesfans induced PR-lOa protein accumulation faster and to a higher level than did a virulent lace under the same conditions (Constabel and Brisson, 1992) . Although the function of PR10a is not known, it has recently been shown that the parsley homologs of PR-lOa are highly similar to a partia1 sequence of a ginseng ribonuclease (Moiseyev et al., 1994) Montreal, Canada H3C 3J7. that the protein encoded by PR-7Oa could exhibit ribonuclease activity. Homologs of PR-lOa are widespread among angiosperms and have been isolated in dicots as well as monocots. Many of these genes have been shown to be controlled at the transcriptional level and to be expressed during the defense response or after wounding (Somssich et al., 1988; Chiang and Hadwiger, 1990; Warner et al., 1992) .
The transcriptional regulation of gene expression relies on the recognition of promoter elements by transcription factors (Mitchell and Tjian, 1989) . It has now become evident that these regulatory proteins form families of structurally related factors with similar DNA binding sites. This complexity leads to further subtleties in the control of gene expression. Formation of homodimers andlor heterodimers as a prerequisite for binding of transcription factors also favors binding specificity and diversity (Lamb and McKnight, 1991) . Post-translational modifications, such as phosphorylation, also appear to be important in modulating the binding activity of many transcription factors (Hunter and Karin, 1992) .
In plants, the regulation of transcription by phosphorylation of DNA binding proteins has only been demonstrated for the control of light-responsive genes (Datta and Cashmore, 1989; Klimczak et al., 1992; Sarokin and Chua, 1992) . Analysis of wound and elicitor responses has mainly been focused on the role of phosphorylation in signal transduction. For example, using protein kinase inhibitors, it has been shown that the ethylene-dependent elicitor response is mediated by phosphorylation in tomato cell culture (Felix et al., 1991) and in tobacco leaves (Raz and Fluhr, 1993) . More recently, factors KAP-1 and KAP-2, which bind to the chalcone synthase H-box cis element, have been found to be modified by phosphorylation. However, the correlation between gene activation and phosphorylation was not addressed in this study (Yu et al., 1993) .
Here, we report the effects of 5' deletions in the promoter of the PR-7Oa gene on transgenic potato plants and the localization of the cis-acting elements involved in the wound and elicitor responses. Using the electrophoretic mobility shift assay (EMSA), we identified two nuclear factors that bind to an elicitor responsive element of the PR-7Oa promoter. We provide evidence that one of these factors, PBF-1 (ER-lOa ginding Factor l), binds to DNA as a multimer and that at least one of its components can be modified by phosphorylation. Inhibitors of protein kinases and phosphatases were used to establish further the role of protein phosphorylation in the response to elicitor, and they enabled us to associate the phosphorylation of PBF-1 with the activation of PR-7Oa.
RESULTS

Localization of the Wound and Elicitor Response Elements in the PR-lOa Promoter
To determine the location of wound and elicitor response elements in the PR-7Oa promoter, transgenic potato plants harboring a series of 5' promoter deletions coupled to the P-glucuronidase (GUS) reporter gene were made. GUS activity was monitored in wounded, arachidonic acid-treated (elicitor), and fresh (control) transgenic minitubers for each construction. Figure 1 depicts the constructs used in this study, along with the median values of the GUS activity; Table 1 shows the ratios of GUS activities after wounding and elicitor treatment for each of the constructs. Note that tubers must be sliced (wounded) before the elicitor is applied. Therefore, for a particular construct, the elicitor is said to induce the activity of the transgene only when the resulting GUS activity is higher than that measured after wounding alone. This implies that an elicitor-responsive construct has a ratio of GUS activity, after elicitor treatment, superior to one. The increase in GUS activity levels observed after wounding or elicitor treatment of transgenic tubers transformed with the -1015 construct indicates that this region contains the necessary cis-acting elements for the activation of the gene. Higher levels of activity were observed in wounded and elicited tubers following an additional5'deletion of 345 bp (Figure 1, construction -670 ), suggesting the presence of a negative regulatory domain (NRD) controlling the wound and elicitor responses between positions -1015 and -670.
A decrease in GUS-specific activities was measured in wounded and elicited tubers after deleting the region between positions -670 and -441. Deleting the region between -441 and -228 had a similar effect (Figure 1) . These results suggest that each region contains a positive regulatory domain (PRD) controlling the wound and elicitor responses. Deleting the region between -670 and -441 also reduced GUS activity in the noninduced (fresh) tubers (Figure 1 , open bars), suggesting the presence of a PRD influencing the basal activity of the PR-7Oa promoter in this region. Deletion from positions -228 to -155 increased GUS activity levels in both wounded and elicited tubers to values comparable with those obtained with the -441 construct. This suggests that an NRD controlling the wound and elicitor responses is present between -228 and -155. Deletion of the 20-bp region located between -155 and -135 led to a dramatic reduction in GUS activity in both wounded and elicitor-treated tubers. However, elicitor treatment still appeared to result in a small but reproducible increase in GUS activity leve1 when compared with wounding, as shown in Figure 1 and Table 1 . These results suggest that a strong PRD, or part of the elicitor response element, is present between positions -155 and -135. They also suggest that some of the elements responsible for the induction of the gene are still present downstream of -135. This was confirmed by using the -135D construct. In this construct, all the DNA upstream of -135 had been removed, and it contained an internal deletion ranging from -52 to -27. Plants transformed with -135D displayed specific GUS activities very similar to those observed with the -155 construct, thereby confirming the presence of wound and elicitor response elements downstream of -135.
The presence of these elements was also supported by the -670D construct (Figure l) , which has an internal deletion ranging from -135 to -52 (Figure 1 and Table 1 ). Although this transgene was still inducible by wounding, it no longer responded to the elicitor (Table l), thereby confirming that the elicitor response domain is located between positions -135 and -52. No induction of the reporter gene was observed after an additional deletion of the next 20 bp (construct -105), suggesting that all wound and elicitor response elements had been removed in this construct. Further deletions to positions -80, -52, and -27 led to an increase in GUS-specific activities after wounding but not after elicitor treatment ( Table 1) . These results suggest that the elicitor response element is located between positions -135 and -105 but that a wound response element is still present downstream of position -27. It also suggests that an NRD controlling the wound response is present between positions -105 and -80 because deletion of this region restored wound inducibility. A deletion to position -5 abolished the wound responsiveness of the promoter, which then had activity levels comparable to those of the promoterless GUSgene. This places the wound response element between positions -27 and -5, a region that also contains a putative TATA box at position -25.
Characterization of Nuclear Factors That Bind to the Elicitor Response Element of PR-lOa
The fact that the region between positions -135 and -105 of PR-7Oa seemed to contain an elicitor responsive element 
PR-lOa GUS-NOS
led us to study potential transcription factors binding to this region. To doso, we monitored the DNA binding activity of nuclear factors present in extracts from wounded and arachidonic acid-treated tubers over a 36-hr time period. Binding was determined by EMSA, and the two complexes observed were named PBF-1 and PBF-2. We previously reported the interaction of these protein factors with the -135 to -105 region of PR-70a (Matton et al., 1993) . Their binding specificity had been assessed by competition with other oligonucleotides as well as with other regions of the PR-7Oa flanking sequences. However, their involvement in the induction of PR-7Oa had not been add ressed. Figure 2A shows the time course for the binding of PBF-1 and PBF-2 during the wound response. At time O (fresh tubers, lane l), the band corresponding to PBF-1 was observed. Its intensity decreased over a 6-hr period (lanes 1 to 3) and then increased to reach a maximum 9 hr after wounding (lane 4). The intensity of the PBF-1 band gradually decreased to a leve1 comparable with that observed at time O (lane 1). The transient increase in the binding of PBF-1 followed the pattern observed for the accumulation of PR-7Oa mRNA in wounded tuber discs (Matton and Brisson, 1989) . A second band, PBF-2, was observed 3 hr (lane 2) after wounding, and its intensity from then on followed the same pattern as that of PBF-1. Figure 2B represents the time course for the binding of PBF-l and PBF-2 during the elicitor response. The elicitor arachidonic acid was added after a 6-hr aging period. Therefore, time O corresponds to 6 hr of wounding ( Figure 28 , lane 1). At that time, the quantity of bound PBF-1 was low but similar to the wound response, and it increased rapidly to reach a maximum after 3 hr of elicitor treatment (lane 2). In contrast to the wound response, binding of PBF-1 remained high but with a slight decrease over the 30-hr period. Binding of PBF-2 was also detectable but always remained lower and more variable than the binding of PBF-1. The binding of PBF-1 after elicitor treatment also correlates with the pattern of PR-7Oa mRNA accumulation under the same conditions (Matton and Brisson, 1989) .
Because binding of PBF-2 to the -135 to -105 region of PR-70a was less predictable and reproducible, this led us to 2.8 ± 0.1 + 3.7 ± 0.1 + 4.3 ± 0.2 + 2.0 ± 0.1 + 4.9 ± 0.1 + 1.3 ± 0.2 + 1.0 ± 0.1 2.7 ± 0.5 + 4.4 ± 0.1 + 5.4 ± 0.1 + 1.0 ± 0.2 1.3 ± 0.1 + 3.8 ± 0.2 + 0.9 ± 0.1 3.6 ± 0.1 5.2 ± 0.5 4.3 ± 0.5 4.8 ± 0.3 3.9 ± 0.3 1.4 ± 0.3 0.7 ± 0.3
a Numbers are average values ±SD. They do not correspond to the ratios of the median values depicted in Figure 1 . W/C, GUS activities of wounded tubers divided by the GUS activities of control tubers; E/W, GUS activities of elicited tubers divided by the GUS activities of wounded tubers; ( + ), transgene is responding to the treatment; (-), no response. b Numbers refer to the 5' end of the promoter for each construct. PL GUS, promoterless GUS gene. c n, number of independent transgenic lines used in this study. Tuber discs were cut and treated with water for the wound response (A) or were treated with arachidonic acid after a 6-hr aging period to induce an elicitor response (B). After the treatment period, nuclear proteins were extracted and subjected to EMSA using the radiolabeled -135 to -105 region of PR-10a as a probe. Each time course was repeated at least twice with different extracts. PBF-1 and PBF-2 indicate the two complexes detected in this experiment. believe that this factor could be the result of the dissociation of PBF-1. Conditions that would disrupt protein-protein interactions could increase binding of PBF-2 if PBF-1 is a multimeric factor containing PBF-2 as the DMA binding activity. We therefore decided to treat the nuclear extracts prior to DNA incubation with the detergent sodium deoxycholate, which is known to disrupt protein-protein interactions (Baeuerle and Baltimore, 1988) . Figure 3 shows an EMSA using the -135 to -105 region of PR-10a as a probe and nuclear extracts that had or had not been subjected to treatment with sodium deoxycholate. When extracts from elicitor-treated (9E15) or wounded (15W) tubers were treated with sodium deoxycholate, the PBF-1 complex disappeared and left PBF-2 unaffected. This suggests that PBF-1 is a multiprotein component in which no single protein possesses DNA binding activity and that PBF-2 can interact with the DNA as a monomer. In addition, PBF-2 is probably not a constituent of PBF-1 because its binding did not increase after disruption of the PBF-1 complex. Similar results were obtained when extracts from fresh leaves or fresh tubers were used (Figure 3) .
Correlation of PBF-1 Phosphorylation with PR-10a Activation
The time course for the binding of PBF-1 to the -135 to -105 probe presented in Figure 2 correlates well with the accumulation of the PR-10a mRNA, suggesting that this factor could be involved in the trans activation of the gene. However, binding of PBF-1 was detected in fresh tubers and fresh leaves (Figures 2 and 3 ) in which PR-lOa was not expressed (Matton and Brisson, 1989 ; see Figure 1 ). This led us to question the 9E15 15W^P
BF-1 -« PBF-2 Figure 3 . Binding of PBF-1 and PBF-2 to the -135 to -105 Probe after Treatment of the Nuclear Extracts with Sodium Deoxycholate.
Nuclear extracts from tubers treated for 9 hr with the elicitor (9E15), tubers wounded for 15 hr (15W), fresh tubers (F), and fresh leaves (L) were treated with (+) or without (-) 1% sodium deoxycholate before the gel shift assay. The amount of nuclear protein was adjusted so that approximately equal quantities of bound PBF-1 could be detected in untreated lanes. This experiment was repeated at least twice. PBF-1 and PBF-2 at right indicate the two specific complexes.
relevance of PBF-1 in promoting Pfl-JOa gene activation and to hypothesize that PBF-1 activity could be regulated by posttranslational modifications, such as phosphorylation. To test this hypothesis, nuclear extracts were treated with alkaline phosphatase prior to incubation with the -135 to -105 probe. Figure 4A shows an EMSA in which nuclear extracts from wounded, elicited, and fresh tubers as well as from fresh leaves were treated with alkaline phosphatase prior to binding to the -135 to -105 probe. Alkaline phosphatase had no effect on binding when extracts from fresh tubers or fresh leaves were used. However, treatment with alkaline phosphatase resulted in a significant and reproducible reduction in binding of PBF-1 after 15 hr of wounding as well as after 9 hr of elicitor treatment.
Binding of PBF-2 was also sensitive to alkaline phosphatase treatment. To assess the specificity of the effect of alkaline phosphatase on the binding of these factors, we tested another probe encompassing the region between positions -52 and -27 of the Pfl-JOa promoter. This region corresponds to a strong NRD (Figure 1 ). This probe interacted with nuclear factors to form a new complex called SEBF-1 (for Silencer Element Binding Factor 1). Treatment of nuclear extract 9E15 with alkaline phosphatase had no effect on the binding of SEBF-1, indicating that the control of DNA binding by phosphorylation is not a characteristic shared by all DNA binding factors. Figure 4B shows that the effect of alkaline phosphatase on the binding of PBF-1 and PBF-2 after 9 hr of elicitor treatment (extract 9E15) can be prevented by including sodium fluoride (NaF), an inhibitor of phosphatases, in the assay. This indicates that the reduced binding of PBF-1 and PBF-2 shown in Figure 4A was the result of the dephosphorylating activity of alkaline phosphatase and not of a fortuitous interaction of alkaline phosphatase with DNA, PBF-1, or PBF-2. These results indicate that binding of PBF-1 tothePfl-JOa -135 to -105 probe is affected by alkaline phosphatase only in tissues in which Pfl-rOa is active.
Elicitor and Wound Induction of PR-10 a Are Mediated through the Action of Protein Kinases
The results of the treatment of nuclear extracts with alkaline phosphatase suggest that phosphorylation of PBF-1 plays a role in activation of the PR-Wa gene. Thus, one could predict that protein kinases and/or protein phosphatases are involved The amount of nuclear protein was adjusted so that approximately equal quantities of bound PBF-1 could be detected in untreated lanes. All gel shift mixtures were incubated at 37°C to increase alkaline phosphatase activity before the probe was added. PBF-1, PBF-2, and SEBF-1 indicate specific complexes. This assay was repeated at least three times with at least two different sets of extracts.
(A) An EMSA performed with the -135 to -105 or -52 to -27 probe and nuclear extracts treated with (+) or without (-) alkaline phosphatase. Abbreviations are as given in the legend to Figure 3. (B) An EMSA performed with the -135 to -105 probe using NaF-inhibited alkaline phosphatase. The 9E15 extract was left untreated (-) or was treated with 50 mM NaF (NaF) or with NaF-treated alkaline phosphatase (NaF+AP).
in the pathway leading to the activation of this gene and that inhibitors of these enzymes would have an effect on PR-10a expression. Figure 5 is an immunoblot showing the accumulation of the PR-10a protein in tuber discs treated with or without arachidonic acid and/or inhibitors of protein kinases and phosphatases. Previously, we reported that wounding and treatment of tuber discs with the elicitor arachidonic acid lead to the induction of the PR-10a gene (Matton and Brisson, 1989) and to the accumulation of the product of this gene (Constabel and Brisson, 1992 ; in Figure 5 , compare lanes 1 and 2 as well as lanes 2 and 5). We also reported that another member of the PR-10 gene family, PR-10c, is present in fresh tubers (lane 1) and that its pattern of accumulation remains unaffected by wounding or elicitor treatment (Constabel and Brisson, 1992 ; Figure 5 , lanes 2 and 5). Figure 5 shows that the kinase inhibitor staurosporine reduced the elicitor-induced (compare lanes 5 and 6) as well as the wound-induced (compare lanes 2 and 3) accumulation of PFMOa. On the contrary, treatment of tuber discs with okadaic acid, an inhibitor of serine/threonine phosphatases 1 and 2A, resulted in an increased accumulation of the PR-10a protein to levels comparable with those obtained by treatment with the elicitor arachidonic acid (compare lanes 4 and 5). Accumulation of PR-10c was not affected to the same extent as that of PR-10a. In addition, Coomassie Brilliant Blue R 250 staining of the proteins in the gel indicated that the accumulation of most proteins had not been affected by treatment with staurosporine and okadaic acid (data not shown). Although it is likely that the expression of many other genes is modified following treatment with staurosporine and okadaic acid, our results suggest, nevertheless, that protein kinases and phosphatases are involved in PR-10a gene activation during wounding and elicitation.
Activation of PR-10a Is Mediated by Phosphorylation of PBF-1
The induced accumulation of PR-10a by wounding, arachidonic acid, and okadaic acid, as well as its repression by 1 2 3 4 5 6 7 8 9 10
• PBF-1 PR-10c 1 2 3 4 5 6 Tuber discs were aged for 6 hr and treated with 1% DMSO (lane 2), 5 nM staurosporine (lane 3), 1 nM okadaic acid (lane 4), arachidonic acid (lane 5), or a combination of 5 nM staurosporine and arachidonic acid (lane 6). The tuber discs were incubated for 48 hr in the dark. Lane 1 represents fresh tuber tissues. Extracted proteins were separated by electrophoresis on 14% SDS-polyacrylamide gels, blotted to nitrocellulose, and analyzed using an anti-PR-10a antibody. PR10a and PR-10c indicate the two proteins detected. Tuber discs were aged for 6 hr and treated with 1% DMSO (lanes 1 and 6), 1 nM okadaic acid (lanes 2 and 7), 5 nM staurosporine (lanes 3 and 8), arachidonic acid (lanes 4 and 9), or a combination of 5 nM staurosporine and arachidonic acid (lanes 5 and 10). Tuber discs were incubated for 3 hr in the dark. Nuclear proteins were extracted, and EMSAs were performed with (lanes 6 to 10) or without (lanes 1 to 5) alkaline phosphatase as described in Methods and in Figure 4 . EMSAs were performed with equal amounts of proteins. (A) An EMSA performed with the -135 to -105 probe. PBF-1 indicates the specific complex formed with the -135 to -105 probe. (B) An EMSA performed with the -52 to -27 probe. SEBF-1 indicates the specific complex formed with the -52 to -27 probe.
staurosporine, indicated that protein kinases are involved in the activation of PR-IOa. In addition, the fact that PBF-1 is phosphorylated in tissues in which PR-10a is active suggested that Phosphorylation of PBF-1 is a key component in the activation of this gene. One would therefore expect an increase in the Phosphorylation of PBF-1 in tissues treated with okadaic acid, whereas staurosporine should have the opposite effect. According to the results presented in Figure 4 , this should lead in turn to a modulation of the DMA binding activity of PBF-1. Figure 6A is an EMSA showing the combined effect of staurosporine and okadaic acid with or without the elicitor on the binding of PBF-1 to the -135 to -105 probe. Discs treated with okadaic acid (lane 2) showed a slight increase in the formation of complex PBF-1 as compared with wounded discs (lane 1). Treatment with staurosporine (lane 3), on the other hand, reduced slightly the formation of the complex. Treatment with the elicitor (lane 4) led to a more abundant complex, whereas treating the discs with both the elicitor and staurosporine (lane 5) reduced the formation of the complex to levels comparable with staurosporine-treated discs (lane 3). The same experiments with nuclear extracts treated with alkaline phosphatase are shown in Figure 6A (lanes 6 to 10). In this case, no significant differences were observed in the formation of PBF-1. Therefore, these results suggest that the difference in the abundance of bound PBF-1 in nonalkaline phosphatasetreated extracts was not due to a difference in the quantity of factor PBF-1 present in these extracts but rather to a differential state of phosphorylation of the factor. These results also support the conclusion that phosphorylation of PBF-1 is associated with the activation of PR-10a. Figure 6B shows the results of an EMSA using probe -52 to -27 with the same nuclear extracts used in Figure 6A . In this case, arachidonic acid, staurosporine, and okadaic acid did not have a differentia1 effect on the binding of SEBF-1 to the probe, indicating that binding of this factor is not regulated by phosphorylation. The reduced mobility and intensity of SEB-F-1 in lanes 1 and 10 were not observed in other experiments when these samples were loaded in the middle of the gel, and therefore they represent migration artifacts.
DISCUSSION
Analysis of the cis-Acting Elements of the PR-7Oa Promoter
Results of the analysis of the PR-7Oa promoter cís-acting elements show that regulatory elements located between positions -1015 and -155 had quantitative effects on the leve1 of expression of the gene but did not seem to govern the response to either the elicitor or wounding. However, sequences located downstream of position -155 seem to contain response elements, with the exception of the region between -52 to -27, which clearly contains a silencer-like element. Results from Figure 1 and Table 1 indicate that elements downstream of position -135 of the PR-7Oa promoter were sufficient to confer wound and elicitor induction of the reporter gene in tubers from transgenic potato plants. However, our results also suggest that an elernent located between positions -155 and -135 was required for strong elicitor and wound inducibility of the promoter.
A more precise 5' deletion analysis of the -135 region removed n~3 0 bp at a time. This analysis showed that the wound response element is located downstream of -27, whereas the 30-bp region between -135 and -105 contains critical elements involved in the elicitor response. Although this region is necessary for the elicitor responsiveness of the promoter, we cannot assert that it would be sufficient to confer elicitor inducibility to a heterologous promoter. There is a distinct possibility that the elicitor response is mediated by a combinatorial element whose individual parts would be located downstream of position -135. Because construct -135D, which is the -135 construct bearing an interna1 deletion from -52 to -27, still responded to elicitation, the second part of the elicitor response element would be positioned in the 53-bp region between -105 and -52 and/or downstream of position -27. Interestingly, the sequence between positions -80 and -52 contains aTAATNN motif (position -68, TAATTG), which is known to be bound by homeobox-containing proteins (Laughon, 1991) . Recently, a parsley cDNA encoding such a protein was cloned and shown to bind to the sequence TAATTG (Korfhage et al., 1994) . Mutation of this motif, present in the parsley pathogenesis-related gene PR-2, a parsley homolog of PR-lOa, reduced the elicitor responsiveness of this gene twofold (Korfhage et al., 1994) . However, rnutation or 5' deletion of this element did not abolish completely the induction of the PR-2 promoter, suggesting that the TAATTG motif and the homeobox protein that binds to it have a quantitative role. A similar enhancer-like function could be envisaged for the -80 to -52 region of the PR-7Oa promoter. However, further characterization of this as well as of other regions of the promoter is necessary to determine the role played by these individual elements.
Characterization of the trans-Acting Factors PBF-1 and PBF-2
The role of the region between -135 and -105 in the activation of PR-7Oa was also analyzed by EMSA. Our results indicated that the DNA-protein complexes PBF-1 and PBF-2 did not have the same pattern of formation during the wound response or the elicitor treatment (Figure 2) . Whereas formation of the two complexes was transient during the wound response, only PBF-1 levels remained high when tissues were treated with the elicitor. This binding pattern closely matches the profile of accumulation of PR-7Oa mRNA under the same conditions (Matton and Brisson, 1989 ). This correlation between the binding of PBF-1 and the expression of PR-7Oa suggests that PBF-1 plays a role in the activation of the gene and also supports the proposed function of the region between -135 and -105 as containing elements involved in the activation of PR-7Oa.
Examination of the DNA sequence between -135 and -105 showed the presence of at least three distinct DNA motifs that could be involved in the binding of nuclear factors: two ATrich elements (position -130, ATAAAAT; position -111, AAAAAT), an AP-1 binding site (position -124, TGACACA), and an E-box motif (position -119, CAAATG), also known as the CANNTG motif, which is the target sequence of helix-loophelixfactors. Currently, our data do not permit eliminating any of these motifs as the potential binding site for PBF-1 and PBF-2. The results shown in Figure 4 , which suggest that PBF-1 is a multimer, are consistent with this factor binding to an AP-1 site or an E-box, because both AP-1 and helix-loop-helix factors interact with DNA as multimers (Landschulz et al., 1988; Murre et al., 1989) . We are also unable to exclude the possibility that PBF-1 and PBF-2 bind to the AT-rich motifs. Recently, a DNA binding protein (ATBF-1) combining a high-mobility group I N DNA binding domain with a transcriptional domain has been characterized in plants (Tjaden and Coruzzi, 1994) . This protein was shown to bind to AT-rich DNA, including poly(dA-dT). However, the binding of PBF-1 and PBF-2 to the -135 to -105 probe was not affected by a 10,000-fold excess in rnass of poly(dA-dT), indicating that they do not correspond to ATBF-1. Additional work is required to determine the precise binding site of PBF-1 and PBF-2.
Role of Phosphorylation in PR-7Oa Gene Activation: A Working Hypothesis
Our results suggest that PBF-1 is actually the target of a phosphorylation cascade initiated by wounding and elicitation. Consistent with our results, protein kinase inhibitors have been shown to inhibit the accumulation of PR gene products (mRNA and protein) in tobacco leaves as well as the activity of phenylalanine ammonia-lyase enzyme in tomato cell suspension treated with an elicitor (Grosskopf et al., 1990; Raz and Fluhr, 1993) . Our results also agree with the observation that okadaic acid induces the accumulation of severa1 PR proteins in tobacco (Raz and Fluhr, 1993) . Okadaic acid has also been shown to induce phytoalexin accumulation and activate other defense responses in soybean (MacKintosh et al., 1994) .
How the elicitor is perceived by the cell and how the signal is transduced to the nucleus to trigger gene activation are not known. Figure 7 shows a model that could explain some of the steps involved in the activation process. First, the elicitor, I ELlClTOR I The elicitor is perceived by the cell, and an undetermined mechanism activates a staurosporine (STAU)-sensitive protein kinase. This kinase, directly or through a cascade of protein kinases, phosphorylates and stimulates the DNA binding activity of transcription factor PBF-1. Binding of PBF-I, alone or in concert with other factors, activates PR-7Oa transcription. Down regulation of the pathway would occur through an okadaic acid (0A)-sensitive protein phosphatase (PPl and/or PP2A), which would dephosphorylate PBF-I and/or inactivate the kinase cascade. Represented here is the shortest promoter construct (-155) that displayed strong elicitor inducibility. The region between -105 and -80 represents a strong NRD. No factor is bound to this region under our EMSA conditions. The region between positions -52 and -27, which contains a putative silencer element, is also shown, along with factor SEBF-I that binds to it. The active and inactive states of the kinase, phosphatase, and binding factor PBF-1 are designated "act" and "inact," respectively. (Nanmori et ai., 1994) . Arachidonic acid, the elicitor used in this study, has been shown to interact directly with and activate PKC (Naor et al., 1988) . This may lead to the activation of other protein kinases, including the mitogen-activated protein kinases (Kolch et al., 1993) , which in turn can activate transcription factors (Gille et al., 1992; Smeal et al., 1992 we are focusing our efforts on the characterization of the transcription factors PBF-1 and PBF-2 and the protein kinases involved in the activation of PR-7Oa.
METHODS
Materials
Potato (Solanum tubemum cv Kennebec) tubers were obtained from the Quebec Ministry of Agriculture Les Buissons Research Station (Pointe-auxautardes, Quebec, Canada). Tubem were stored in the dark at 4OC and brought to room temperature 24 hr before use. Arachidonic acid, okadaic acid, staurosporine, and sodium fluoride were purchased from Sigma. Sodium deoxycholate was from BDH (Toronto, Ontario, Canada). Calf intestine alkaline phosphatase was purchased from Pharmacia PL Biochemicals (Baie dUrf6, Quebec, Canada).
Pathogenesis-Related Gene PR-lOa-!3-Glucuronidase (GUS)
Constructs
All constructs, with the exception of the -441, -228, and -155 constructs, were made as described by Matton et al. (1993) . Constructs -441, -228, and -155 were generated by polymerase chain reaction (PCR) amplification using the -1015 construct as the DNA template and specific oligonucleotides as primem. The downstream primer, which contains a BamHl restriction site, is complementary to the pathogenesisrelated gene PR-7Oa-GUS junction (PR-lOa-GUS primer) and is described by Matton et al. (1993) . The upstream primers contained an extra Hindlll site at their 5' end, and their sequences were from positions -441 to -417 (construct -441), -228 to -207 (construct -228), and -155 to -137 (construct -155). PCR-generated fragments were digested with BamHl and Hindlll and cloned in plasmid PBllOl (Matton et al., 1993) .
Potato Transformation and Assay for GUS Activity
Transformation of potato (cv DBsirBe), regeneration of transformed plants, treatment of in vitro-grown tubers with arachidonic acid, and performance of GUS activity assays were essentially as described by Matton et al. (1993) . PR-7Oa-GUS constructs were introduced into the disarmed Agrobacterium tumefaciens LBA4404 by direct transformation (Hofgen and Willmitzer, 1988) . Confirmation that the plants used in this study were transformed was obtained by PCR analysis using the M13 universal primer and the PR-lOa-GUS primer (constructs -135 to -5) or the M13 reverse primer and a primer corresponding to the sequence between positions -135 and -105 of PR-7Oa (constructs -1015 to -155). Transgenic plants were acclimated and grown in peat pots in a growth chamber. Tubers from the primary transformants were used as seeds for producing second and third generation plants. Induction values obtained with these plants were similar to those obtained with the in vitro-grown tubers (data not shown).
Preparatlon of Crude Nuclear Extracts
Treatment of potato tubers with water (wounding) or arachidonic acid (elicitor treatment) was performed as described previously (Marineau et al., 1987) . Nuclear protein extracts were also prepared as described previously (Matton et al., 1993) , with the following modifications: tuber discs were homogenized in a blender at maximum speed for 1 min in 2 mUg of ice-cold NEBH buffer (1 M hexylene glycoi, 20 mM 2-mercaptoethanol, 10 mM Pipes-KOH, pH 6.0, 10 mM MgCI2, 0.5 mM spermidine, 0.2 mM phenylmethylsulfonyl fluoride, and 0.15 mM spermine) rather than in buffer C (0.25 M sucrose, 10 mM NaCI, 10 mM 2-[N-morpholino]ethanesulfonic acid-NaOH, pH 6.0,5 mM EDTA, 0.15 mM spermine, 0.5 mM spermidine, 20 mM Bmercaptoethanol, and 0.2 mM phenylmethylsulfonyl fluoride). After the first centrifugation, the nuclear pellet was resuspended in one-twentieth volume of NEBH buffer. The 50 to 88% Percoll step gradient was replaced by a 45 to 88% step gradient, and buffer C that was used to dilute the interface material was replaced by NEBH buffer containing 0.5 M hexylene glycol. The nuclear proteins were prepared by transferring the nuclei to 2 mL of lysis buffer (400 mM NH4S04, 100 mM KCI, 20 mM Hepes-KOH, pH 7.9, 1.5 mM MgCI2, 1 mM DTT, and 0.2 mM phenylmethylsulfonyl fluoride) and lysing them in a Dounce homogenizer (Wheaton Scientific, NJ). The homogenate was kept on ice for 30 min before a 60-min centrifugation at 40,OOOg in an SW-55Ti (Beckman, Palo Alto, CA) swinging bucket rotor. The supernatant was then loaded on a PD-I0 (Pharmacia PL Eiochemicals) column and eluted, according to Pharmacia's instructions, with the gei retardation assay buffer containing 20% glycerol. Aliquots were stored at -70% and thawed only once.
Electrophoretic Mobility Shift Assay Double-stranded synthetic oligonucleotides were labeied using the Klenow fragment of DNA polymerase I; specific activities varied from 1 x 105 to 2 x 105 cpmlng. Preincubation was carried out at 22OC
for 15 min in a volume of 39 pL containing 20 mM Hepes-KOH, pH 7.9, 100 mM KCI, 1.5 mM MgC12, 0.2 mM EDTA, 0.5 mM DTT, 5% glycerol, 1 pg poly(dA-dT), and 7 pg of nuclear proteins. One microliter (20,000 cpm) of the labeled -135 to -105 DNA fragment was added to the binding mixture, and the reaction was continued for an additional 15 min. The incubation mixtures were loaded onto 5.4% polyacrylamide geis (29:l acrylamide-bisacrylamide in 100 mM Tris-HCI, pH 8.0, 100 mM borate, and 2 mM EDTA) that had been prerun at 8 V/cm for an hour. After electrophoresis, the gels were blotted on Whatman No. 3MM paper, dried, and autoradiographed at -8OOC on Kodak (Rochester, NY) XAR films. When present in the reaction mixture, sodium deoxycholate and aikaline phosphatase were added before preincubation. For alkaline phosphatase and the controls related to these experiments, the 15-min preincubation period was at 37%. When sodium fluoride (NaF) and alkaline phosphatase were included, alkaline phosphatase was incubated 10 min on ice with NaF before adding it to the gel shift mixture. The final concentration of NaF in the gel shift mixture was fixed at 50 mM.
Treatment of Tuber Discs for lmmunoblot Analyses and Electrophoretic Mobllity Shift Assay
After an aging period of 6 hr, tuber discs were treated with 70 pL of phosphatase or kinase inhibitors in lO/o DMSO or with a solution of 1% DMSO as a control. After 30 min, the discs were treated with 70 pL of water or a 1 pg/pL emulsion of arachidonic acid in water. The treated discs were stored at room temperature in the dark for 48 hr for immunoblot analysis or for 3 hr for the electrophoretic mobility shift assay (EMSA). For immunoblots, total proteins were extracted from fresh or treated tubers, eiectrophoresed on SDS-polyacrylamide gels, blotted onto nitrocellulose, and stained with Ponceau S. The blots were biocked and incubated with anti-PR-lOa antibodies as described previously (Constabel and Brisson, 1992) . The blots were then developed using the electrochemiluminescent detection system (Amersham International) according to the manufacturer's instructions.
